The encapsulation of materials for protection, by isolating them in a separate phase, has evolved into a major interdisciplinary research focus [1] . One of the most challenging tasks, and the ultimate purpose of developing delivery systems, is to modulate the release of encapsulated cargo substances. Strategies such as heat treatment, ionic strength, magnetic fields and light-induced morphology change have been used to alter shell density and integrity, and thereby to influence capsule permeability [2] . As one of the most unique arts of stimuli-responsive capsules, photo-stimuli-responsive capsules are capable of affecting their micro-/nanostructures in the form of remote control triggered by external light, e.g. sunlight, without the need for direct contact or interaction. Moreover, triggering the release of microcapsules using light has a number of advantages over other external stimuli:
Other examples of photo-triggered capsules containing carbon nanotubes as one of the fillers are described in the US Patent Application US20120253000 (submitted by Okawa and co-inventors) and the US Patent Application US20100215724 (submitted by Prakash and co-inventors). Okawa et al. reported the escape of phenylacetylene droplets, under irradiation with a 40mW laser, from polyamide microcapsules prepared using an interfacial polymerization of triamines and diacid or triacid chlorides in an oil-in-water emulsion. Prakash et al. disclosed the release of a pharmaceutically active ingredient, such as a small molecule drug (organic molecules with molecular weight less than about 1000 D -i.e. a peptide or a DNA molecule), under light irradiation, from microcapsules formed by alginate-poly-L-lysine-alginate and containing a low concentration of carbon nanotubes as a secondary active material.
Caruso et al. [7] incorporated a suspension of single-walled nanotubes in chlorobenzene/ethyl phenylacetate into microcapsules using in situ emulsification polymerization of urea-formaldehyde, while Paunov and Panhuis [8] fabricated nanotube-based microcapsules using a colloid templating technique. In a more recent study, Yashchenok et al. [9] prepared and characterized polyelectrolyte multilayer microcapsules containing carbon nanotubes and glutaraldehyde treatment in their shells. Glutaraldehyde treatment is typically used in biology for fixing cells in order to preserve their morphology on drying and in the present case this leads to cross-linking of amino groups of cationic polyelectrolytes. The authors demonstrated that incorporation of carbon nanotubes and subsequent treatment with glutaraldehyde results in free-standing structures and these structures do not collapse after drying. In order to open the microcapsule shell and release encapsulated material, the authors irradiated the microcapsule walls using lasers operating at 473 nm and 830 nm. The Raman spectra and AFM images of microcapsule before and after laser irradiation unequivocally confirmed that remote laser activation was accompanied by selective local destruction of carbon nanotubes and polyelectrolyte matrix in the microcapsule shell. Thus, the microcapsules structures described by the researchers provide new opportunities for biomedical applications owing to their improved mechanical stability and a point-wise manipulation with laser beams. Notwithstanding, it is important to highlight that the toxicology of carbon nanomaterials, as well as their application in medicine and pharmacology, could be closely dependent on their surface chemistry, sizes, doses, and administration routes [10] .
Microcapsules containing silver and gold particles
It is well known that nanoparticles of silver and gold, similar to carbon nanotubes, absorb light in the visible spectrum and release this energy as heat in their surroundings, which can be harvested to release encapsulated substances from microcapsules either destructively or non-destructively. This is due to surface plasmon resonance absorption of the nanoparticles, whose absorption cross-section is drastically more intense than for a typical dye. In the case of silver and gold, these plasmon oscillations have frequencies of approximately 400 nm and 525 nm, respectively. Like gold nanoparticles, gold nanorods absorb light, but the mean absorbance region of nanorods is situated in the near-IR region. As for colloidal gold particles, this absorption peak is largely dependent on surface properties, but additionally in the case of nanorods, on their length-to-width ratio (i.e. aspect ratio). If selecting the synthetic conditions, one can produce gold nanorods with the dimensions that correspond to a specific absorption window [11] .
The use of noble metal nanoparticles to optically induce changes in the shell of microcapsules was first demonstrated by Skirtach et al. in 2004 [12] . The authors doped silver nanoparticles into poly(sodium 4-styrenesulfonate)/poly(allylamine hydrochloride) micro shells and studied their response to light irradiation. Figure 2 shows TEM images of the shell of the capsule with Ag nanoparticles: (a) whole capsule and (b) a section with larger magnification. Published results show that the obtained composite shell was sensitive to laser light with a wavelength of 830 nm and local heating of nanoparticles resulted in the deformation and rupture of the shell. This effect allowed the realization of the remote-release of the encapsulated material from microcapsules inside the living tissue. A consequence of the doping method applied by Skirtach et al. is difficult nanoparticles characterization due to their polydispersity. Indeed, the authors reported that it was not possible to estimate the exact amount of reduced silver on the capsule surface and they did not provide detailed analysis of the distribution of silver nanoparticles in the capsule wall. According to the authors, residual absorption of silver nanoparticles with a diameter of 20 nm in the near-IR was shown to be sufficient to produce heat and break microcapsules [12] but insufficient for microcapsules containing 4 nm silver nanoparticles [13, 14] . Based on the published results it can be concluded that the irradiation time necessary to break microcapsules strongly depends on the size of the nanoparticles.
Because living tissues are sensitive to monochromatic coherent radiation, the selection of the minimal values of laser intensity and its time duration is an important issue for remote opening of the drug-loaded capsules inside tissues. Using a 532 nm CW laser, Radzuik and co-workers [15] showed that capsules impregnated with 10 nm silver nanoparticles took on average 22 s to open whereas it took 10 s of laser exposure when using 18 nm nanoparticles. Surprisingly, the combination of the 10 and 18 nm nanoparticles in capsules shells decreased the laser exposure requirements to 5 s or fewer. The authors showed that the microcapsules' diameter size depends on the volume and molar ratios of the precursor materials ( Figure 3 ). Reprinted with permission from [15] .
One of the first examples of gold nanoparticle exploitation for photo-triggered microcapsules fabrication was published by the Caruso research group at The University of Melbourne. In an early study [16] , the group reported that the enzyme lysozyme can be encapsulated within the polyelectrolyte/gold nanoparticle shell via layer-by-layer (LbL) assembly on the surface of lysozyme crystals and that the enzyme can be released on demand without significant loss of bioactivity following irradiation with short pulses of near-IR laser light. Then, in subsequent investigations, they described the loading/release of macromolecules into/from lightresponsive polyelectrolyte/gold nanoparticle microcapsules formed by a polyelectrolyte multilayer shell with lipids and ligands, respectively. Distinguished from their previous study, where the enzyme was used as a template to achieve encapsulation, in this investigation fluorescein isothiocyanate (FITC)-labelled dextran, a convenient model of high molecular weight biomaterials such as DNA, was post-loaded into preformed capsules by switching the capsule permeability between the "closed" and "open" states through variation of the bulk solution pH. Electron microscopy confirmed that the laser irradiation had no apparent effect on capsules without the light-absorbing shell component ( Figure 4 and Figure 5 ) [17] . Based on these data, Prof. Caruso proposed that laser induced release involves:
-heating of the capsule shell to high temperatures above the spinodal point of water upon nanoparticles light absorption;
-development of thermal stresses within the capsule shell because of the variations in thermal expansion coefficients of shell wall materials;
-capsule rupture.
A similar outcome was reported by Skirtach et al. [13] who incorporated the gold nanoparticles inside the walls of polyelectrolyte multilayer capsules. In this investigation an active material -AF-488 dextran -was successfully incorporated into the capsules using a heat-shrinking method. According to the authors the capsules obtained by such a method exhibit improved mechanical stability: properties important for the in vivo and in vitro delivery of encapsulated material. Upon illumination by laser light, the encapsulated dextran leaves the interior of a capsule inside a living cancer cell. This study has served as a significant step towards the use of polyelectrolyte multilayer capsules for the delivery of medicine into biological cells. Furthermore, release from polyelectrolyte microcapsules functionalized with gold nanoparticles, by burst opening and deformation, has also been demonstrated by Volodkin et al. [18] . The authors reported photo/temperature-triggered release of a liposome cargo from surface-supported vesicles embedded inside biocompatible polyelectrolyte multilayers. In an effort to enlarge the scope of applications of remote-release and to extend it further to other surface-supported drug delivery vesicles, the same research team applied remote-release to liposome-gold nanoparticles, referred to as Lip-NP assemblies or complexes [19] . The goals of this work were to show that Lip-NP assemblies could be prepared in a controlled manner in terms of size and NP state and then to use near-IR-light to selectively release encapsulated dye from the assemblies. In the remote-release experiments, the micron-sized aggregate of Lip-NP was illuminated by a focused laser beam, which resulted in release of the encapsulated fluorescent dye. According to the authors the functionalized liposome-nanoparticles assemblies can be used for transdermal applications in which an active compound is delivered through the skin, easily accessible by light. Due to quite deep IR-light tissue penetration, the light-responsive liposome assemblies could serve as active constituents of implanted devices. Yang and co-workers [20] reported a novel near-infrared light-responsive drug delivery capsule platform based on gold nanorods (AuNRs) integrated within a mesoporous silica framework that was surfacefunctionalized with an anticancer aptamer DNA. The authors observed that upon exposure to near-IR-light, the photothermal effect of the AuNRs led to a rapid rise in the local temperature, resulting in the dehybrization of the linkage DNA duplex, allowing the release of the entrapped guest. In vitro studies showed the feasibility of using this nanocarrier as a targeted and noninvasive remote controlled drug delivery system in cancer cells with high spatial/temporal resolution. According to the authors, this multifunctional capsule platform could integrate chemotherapy, photothermotherapy and imaging into one system. The good biocompatibility, cancer cell recognition ability and efficient intracellular drug release provided a basis for in vivo controlled release biomedical applications and cancer therapy.
Incorporation of gold nanoparticles into microcapsules walls has also been used to trigger increased microcapsule permeability upon temperature increase as an effect of light irradiation.
Kim et al. [21] designed hydrogel capsules with membranes composed of poly (N-isopropylacrylamide) containing gold nanorods and achieved reversible control of permeability. However, these polymeric or hydrogel microcapsules exhibited relatively poor mechanical properties, frequently leading to undesired rupture or deformation of the shell membrane in physiological environments. In addition, drug diffusion through the polymer matrix of the shell was limited to small molecules with MW cut off below 200. West and co-workers [22] suggested that the permeability changes of the N-isopropylacrylamide/acrylamide capsules walls containing gold nanoparticles, upon laser irradiation, could be useful in insulin therapy. Recently, Lee et al. [23] prepared microcapsules of poly(DL-lactic-co-glycolic acid) (PLGA) containing gold nanorods by using wateroil-water (W/O/W) double emulsions. Upon laser irradiation, the nanorods generated heat via a photothermal effect, and as a result, the membrane became more permeable above the glass transition temperature of the PLGA, thereby providing remote control release of the active material. Very recently, Woong-Chan Jeong and co-workers [24] obtained photo-and thermoresponsive microcapsules whose porous membranes contain reversible valves. In a similar manner to Lee et al., the authors prepared W/O/W double-emulsion drops, which served as templates to produce microcapsules. The ethyl cellulose capsule membrane, made from the middle oil phase, was designed to contain interconnected pores that could be filled by a thermoresponsive hydrogel. To provide photo-responsiveness, gold nanorods were embedded in the hydrogel matrix to act as nanoheaters under near-IR irradiation. The microcapsules were shown to exhibit photo-triggered release of a model drug with high molecular weight, with the release event successfully occurring repeatedly over extended periods by a series of near-IR exposures. In addition, a porous shell made of the biocompatible polymer, ethyl cellulose, provided high mechanical stability and membrane integrity.
Microcapsules containing titanium dioxide particles
Titanium dioxide particles and related composites are well known for their catalytic activity and oxidative potential. They have low production costs and a strong absorbance in the UV region, making such nanoparticles a smart choice of compound to sensitize thin films to UV light [25] . Several reports have been published on the incorporation of TiO 2 nanoparticles into microcapsules [26] [27] [28] [29] . Hu et al. [26] developed a self-templated approach for the synthesis of TiO 2 microcapsules ( Figure 6 ) with tunable size and wall by heating sol-gelderived TiO 2 microspheres with poly(acrylic acid) (PAA) in a diethylene glycol (DEG) solution. According to the authors, the PAA plays a crucial role in the formation of microcapsules by crosslinking the surface TiO 2 nanoparticles and preventing them from dissolution by DEG. Moreover, the investigators showed that hollow microcapsules were formed when DEG molecules penetrated the outer layer and removed the core materials by forming soluble titanium glycolate. Very interesting results were presented by Katagiri and co-workers [30] . The authors showed that the UV irradiation of polyelectrolyte capsules coated with SiO 2 /TiO 2 resulted in capsule obliteration due to the UV absorption of TiO 2 . Prior to UV irradiation, the particles have a spherical structure for both SiO 2 -polymer and SiO 2 /TiO 2 -polymer capsules. After UV irradiation, the SiO 2 -polymer capsules remain spherical and intact, whereas the SiO 2 /TiO 2 -polymer capsules completely decomposed. In TiO 2 , electron-hole pairs are generated through excitation with UV light and the holes residing in the valence band of TiO 2 have high oxidative activity. In addition to their triggering capabilities, these capsules are unique compared to other polyelectrolyte capsules because of their improved mechanical integrity resulting from the metal oxide coating, which may allow them to better withstand the mechanical loadings of solid state applications.
Microcapsules containing photosensitive chromophores in the shell
The exposure of some photoactive groups to light can generate reversible structural changes, thereby directly changing the hydrophilic-hydrophobic balance without addition of other reagents. Typical groups that display photochemically-induced transitions include azobenzenes (change of dipole moment, size and shape), spyrobenzopyran (ring opening formation of zwitterionic species), triphenylmethane leucohydroxide (generation of charges) and cinnamoyl (photodimerization) as shown in Figure 7 . These transitions can further induce changes in the optical, mechanical and chemical properties of the system containing the chromophore [31] . Currently, these chromophores are intensively investigated to implement light sensitivity in polymers as well as in microcapsules shell formed by them. Azobenzene derivatives are the most studied photoactive groups and the microcapsules based on these compounds are a subject of Chapter 2. The azo group can undergo reversible iso-merization between the trans and cis configurations by light and heat (see Figure 7a) The photoisomerization of azobenzene chromophores has no side reactions and the wavelength to induce the transformation can be tuned by incorporating substituents into the chromophores. Tao et al. [32] showed that an azo-based dye, when incorporated into the shell walls, altered permeability of capsules exposed to visible light. Bédard and co-workers [33] also demonstrated that when the azo dye was incorporated into the polyelectrolyte backbone, the permeability of polyelectrolyte capsules could be altered upon light absorption by azobenzene moieties.
Spirobenzopyran derivatives can also be used to create water-soluble polymers that associate into aggregates under UV irradiation. Upon UV irradiation, the neutral spirobenzopyran undergoes reversible isomerization into a zwitterionic merocyanine (see Figure 7b) . For example, a water-soluble random copolymer formed from N-(2-hydroxypropyl)methacrylamide(HPMA) and a methacrylate monomer containing a spirobenzopyran side chain was soluble in demineralized water. However, UV exposure (20 m) induced the aggregation of large polymer clusters (400 nm) due to zwitterionic merocyanine formation. In a nearly nonionic solution, the attractive dipole-dipole interaction between these zwitterionic merocyanines provided intra-and inter-chain associations between the polymer chains. Upon exposure to visible light (20 min), the clusters disintegrated as the spirobenzopyran returned to its neutral form. Interestingly, this photoreversible cluster formation was reversed in a 1 M NaCl solution. For this high ionic strength solution, the neutral form of the copolymer had low solubility, while its charged form with zwitterionic merocyanine was highly soluble [34] .
The following examples concern microcapsules containing photoactive polymers bearing triphenylmethane leucohydroxide or nitrocinnamate. Kono's group [35] prepared polyelectrolyte complex capsules from partly crosslinked poly(acrylic acid), polyethylenimine and a copolymer of acrylic acid and bis(4-(dimethylamino)phenyl) (4-vinylphenyl)methyl leucohydroxide. Upon UV irradiation, the triphenylmethane derivative dissociated into an ion pair, thereby generating charges (see Figure 7c) . While the active material was released at a low rate in the dark, upon light irradiation the release rate of the encapsulated material increased 10-fold after a time lag of several minutes. When the capsules were put in the dark again the release rate decreased immediately. Kono et al. [35] showed that this permeability control responding to the light can be achieved over several cycles; and moreover that the photo-response was diminished after 75 min. According to the authors, release of encapsulated p-toluenesulfonate from studied capsules was caused by degradation of the photosensitive groups on the capsule shell. The main diameter of studied capsules was 3 mm.
Microcapsules were also built with a shell composed of nanoparticles of poly (orga-nosiloxane) functionalized with nitrocinnamate [36] . Photo-crosslinking the shell by 2 + 2 photocycloaddition of nitrocinnamate (λ > 275 nm) (Figure 7d ) generated stable microcapsules. Destruction of the microcapsules was achieved by photocleavage of the dimer linkages via illumination at λ = 254 nm. Cyclodextrin was encapsulated and subsequently released by this reversible photo-crosslinking reaction. However, the process was rather slow and several hours were required for photoaddition and photodissociation. Chang and co-workers [37] developed photosensitive microcapsules based on α-phenylcinnamylideneacetylated poly(L-lysine) polymer containing α-phenylcinnamylideneacetate moieties in its structure, which are derivatives of cinnamate. The authors reported that a very low concentration (0.5%) of photosensitive moieties is sufficient to achieve a less than 20% breaking frequency in 48 h under UV light irradiation.
Recently, self-immolative polymers containing photosensitive functional groups have been reported in the literature in order to trigger release of core contents from polymeric microcapsules. Fomina et al. [38] developed a light-sensitive self-immolative polymer [poly(lactic-co-glycolic acid)] containing a quinine methide backbone and photocleavable nitrobenzyl alcohol groups as the triggers. The cleavage of the triggering group by light at 350 nm induces cyclization of the diamine spacer, which in turn unmasks an unstable quinine methide moiety. As illustrated in Figure 8 , incorporation of these moieties into a polymer chain causes degradation of the polymer backbone upon irradiation. In a preliminary study, the authors prepared nanocapsules based on this polymer and demonstrated that release of encapsulated dye occurs only in presence of UV light. Unfortunately, the obtained nanocapules possessed limited application in biological systems due to the long irradiation time required for polymer degradation and release of the active. [38] In order to overcome this limitation and to create microcapsules whose shell is more sensitive to brief irradiation, the same research group [39] designed a photo-degradable polymer based on a well-established quinonemethide self-immolative disassembly mechanism using o-nitrobenzyl and 4-bromo-7-hydroxycoumarin as end-cap moieties instead of nitrobenzyl alcohol. The authors encapsulated hydrophobic dye Nile red and demonstrated 40 % release of the dye over 2 h of UV irradiation. Moreover, obtained results showed that the near-IR irradiation is less efficient than the photocleavage obtained with UV irradiation. According to the authors no bulk response or dye release were observed upon near-IR irradiation, likely because the hydrophobic environment created around this photosensitive moiety strongly affects the absorption properties and quantum yields of this triggering group.
Wang and co-workers [40] intended to design a series of photosensitive expandable particles for nanocarriers based on photolabile monomers (see Figure 9 ). The nanoparticles, with a main diameter size ca. 120 nm, synthesized through miniemulsion polymerization, were stable in aqueous solutions, although light at 350 nm irradiation led to particle uncaging and further particle expansion up to ca 800 nm. The authors used Coumarin 6 (C6), a hydrophobic fluorescence dye as a model to evaluate photo-controlled release in aqueous solution, and reported that the release efficiency reached 85% based on the fluorescence intensity after 5 min of irradiation with UV light. This new light-triggered expandable particle system may afford a new option for the photocontrollable treatment of cancers and other diseases with spatiotemporal resolution. Lv et al. [41] simplified the syntheses of photolabile polymers with direct formation of polyesters by the coupling of 2-nitrophenylethylene glycol and dioyl dichlorides with different lengths. Obtained polymers were able to assemble photodegradable nanoparticles via a simple oil/water emulsion. The published results showed that particles formed with these polymers are quite stable in aqueous solutions with different pH buffers and at elevated temperatures. High stability of polymeric nanoparticles before triggering is greatly favoured for an ideal drug carrier, for preventing drugs from leaking during circulation in blood. The authors demonstrated that UV light can trigger the cleavage of particles and the release of encapsulated substances with the efficiencies up to 8-8 based on Nile red fluorescence intensity upon 15 min light irradiation. The photo-degradation behaviors of nanoparticles were confirmed by SEM, without light irradiation particles were in spherical shapes; however, their shape was lost upon light activation.
Azagarsamy and co-workers [42] , in order to develop the photodegradable nanoparticles, designed and synthesized a short photodegradable cross-linker (see Figure 10) . The authors selected a methoxy-nitrobenzyl ether derivative as the photodegradable moiety, because of its well-established chemistry and greater utilization in numerous biological applications (due to its absorbance at longer wavelengths of light). Moreover, in this study the authors used an alkaline phosphatase (ALP) as a model encapsulated protein. ALP is a biologically important enzyme that is readily available and known to specifically cleave only phosphate esters. Figure 10 shows a mechanism of protein release from the microcapsules based on de-crosslinking of the polymer under illumination with UV light. A different approach was described by Koo and co-workers [43] . The authors have focused their research on microcapsules whose walls contain photoacid generators (PAGs), which makes them optically addressable. The authors reported that by exposure to UV light with a wavelength of 254 nm, the triphenylsulfonium triflate as a PAG within the capsule walls were activated, which caused the release of protons from the capsules. This release of protons caused a decrease in the pH of the capsule solution, which then triggered a swelling of the microcapsules. The authors reported that these microcapsules could be opened and closed via alternate repetition of exposure to UV light and washing with neutral water. Moreover, prolonged exposure led to a breakage of the capsules, which promoted a rapid release of the entrapped substances.
